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ABSTRACT 
C l i m a t e  models based  on g l o b a l  r a d i a t i v e  e q u i l i b r i u m  a r e  
normal ly  s o  compl i ca t ed  t h a t  t h e y  r e q u i r e  e x t e n s i v e  computer 
codes  t o  p r o v i d e  a d e q u a t e  accu racy .  However, by s imp ly  modifying 
t h e  concep t  o f  a g r a y  a tmosphere ,  w e  can  o b t a i n  a r e a s o n a b l y  
c o r r e c t  mean g l o b a l  t e m p e r a t u r e .  T h i s  e l emen ta ry  model is t h e n  
used t o  estimate t h e  e f f e c t s  o f  changes  i n  t h e  abundances  o f  
minor i n f r a r e d  a b s o r b e r s  and  changes  i n  t h e  s o l a r  c o n s t a n t  o r  
e a r t h  a lbedo .  When a p p l i e d  t o  a  Budyko-Sel lers  z o n a l l y  ave raged  
model, t h e  quas i -g ray  model c o u l d  g i v e  a  p h y s i c a l  basis f o r  t h e  
l a t i t u d e  dependence o f  o u t g o i n g  r a d i a t i o n  and o f  o p a c i t y  due  t o  
H 0 vapor  c o n t e n t .  The l a t t e r  e f f e c t  c o ~ l : t i t u t e s  an impor t an t  2 
p o s i t i v e  feedback on s u x f a c e  t e m p e r a t u r e .  
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What approximate,  a n a l y t i c  models l o s e  i n  accuracy,  compared 
w i t h  more e l a b o r a t e  computer-based a n a l y s e s ,  t h e y  g a i n  i n  c l a r i t y  
and a d a p t a b i l i t y .  The model developed h e r e  is  a c a s e  i n  p o i n t .  
It is a s imple  matter t o  change t h e  CO c o n t e n t  of  t h e  a t m s s ~ ~ h e r e  2 
and f i n d  what change w i l l  occur  i n  t h e  g l o b a l  mean t-pexature.  
One can go a s t e p  f u r t h e r  and f i n d  how t h e  H 0 vapor c o n t e n t  w i l l  2 
be a l t e r e d  and i n c l u d e  t h a t  feedback i n  t h e  s o l u t i o n .  An ex tens ion  
of t h i s  technique ,  o f  approximating t h e  atmosphere a s  a quas i -gray  
one, could improve t h e  u t i l i t y  of  a n a l y t i c ,  z o n a l l y  averaged 
models, such a s  N o r t h ' s  (1975) v e r s i o n  o f  t h e  Budyko (1969) and 
S e l l e r s  (1969) models. 
The t roposphere  is no t  i n  r a d i a t i v e  e q u i l i b r i u m  n o r  is it 
even approximately g ray  (meaning t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  
is  independent of  f requency) .  F u r t h e r ,  it is  no t  v e r t i c a l l y  
homogeneous, s i n c e  H 0 is d i s t r i b u t e d  w i t h  a s c a l e  h e i g h t  of  2 
about  2 km, CO w i t h  8 k m ,  and 0 e x i s t i n g  mainly i n  t h e  s t r a t o -  2 3 
sphere .  Hence it is s u r p r i s i n g  t h a t  a g ray ,  r a d i a t i n g  homogeneous 
model has  any v a l u e  a t  a l l .  C e r t a i n l y  t h i s  k i n d  of  model would 
not y i e l d  a ve ry  u s e f u l  tempera ture-height  p r o f i l e .  Such a 
s i m p l i f i e d  model can be  u s e f u l ,  however, f o r  .exploring t h e  impor- 
t a n c e  of changes i n  t h e  greenhouse e f f e c t ,  caused by changes i n  
t h e  atmospheric  composi t ion,  and of  changes i n  t h e  i n c i d e n t  s o l a r  
f l u x .  
1. The Gray Model 
I n  t h e  gray model o n l y  two t empera tu res  are important :  The 
e f f e c t i v e  emission t empera tu re ,  Te, o f  t h e  p l a n e t  is f i x e d  by a  
ba lance  between t h e  i n c i d e n t  so1.ar f l u x  and t h e  p l a n e t a r y  the rmal  
emission.  For  a r o t a t i n g  p l a n e t  o f  r a d i u s  R 
where 1 is the  o m n i d i r e c t i o n a l  a lbedo  and 7';) i s  t h e  s o l a r  f l u x  
o u t s i d e  t h e  atmosphere. The s u r f a c e  tempera ture ,  Ts, which is 
assumed t o  be t h e  immediate s o u r c e  of r a d i a t i o n  as f a r  a s  t h e  
a tmospher ic  h e a t i n g  is concerned, i s  r e l a t e d  t o  T i n  a g ray  
e 
model by (Chamberlain, 1978, p 11) 
where T is t h e  v e r t i c a l  o p a c i t y  o f  t h e  atmosphere, which w e  now est imate.  
I f  t h e  ground e m i t s  i s o t r o p i c a l l y  w i t h  i n t e n s i t y  B (T ) ,  t h e  
X s 
f l u x  t r ansmiss ion  d i r e c t l y  t o  co ld  space  is  
where E (7) i s  t h e  exponen t i a l  i n t e g r a l ,  which w e  approximate w i t h  3 
a  s imple  exponen t i a l .  A S  7 v a r i e s  from t o  0 and t h e  t r a n s m i s s i o n  
func t ion  Q = 2E3 ( r )  v a r i e s  from 0 t o  1, t h e  c o e f f i c i e n t  4 v a r i e s  
from 1.2 to 2.0. For H 0 and O3 we choose 9 = 1.66, which gives 2 
the exact value of E3 when Q = 1/2: for C02 at 15 p, we take 
For a realistic atmosphere the same kind of considerations 
hold except that 7 is a function of A, and 
n 
where t h ~  summation is over narrow wavelength intervals and p is i 
th the fractional flux in the i- interval, 
To construct realistic temperature profiles, even for a 
truly gray atmosphere, one has to test the temperature gradient 
for adiabatic stability. In this investigation, that complication 
does not enter, since it would not change T and would have only 
e 
a small effect on Ts. 
2. Earth's Infrar~d Absorption 
Between 0.54 and 8 H 0 has strong vibration-rotatian bands 2 
and longward of ! S  ,urn occur rotational lines from the ground 
vibrational state. The Earth's thermal radiation is mainly 
confined to the 5 to 30 fl region. The H 0 molecule is thus a strong 2 
absorber over t h e  thermal spectrum, except f o r  the  important 
0 8 t o  18 pn i n t e rva l ,  where t h e  Ear th ' s  emission peaks ( a t  290 K, 
'max 
= 10 p). The 12 t o  18 p n  region i s  dominated by t h e  CO 2 
v2-(bending) mode fundamental, leaving a n  8 t o  1 2  transparency 
window. A portion of t h i s  window is blocked by the  9.6 p band of 
02 .  Greenhouse heating of t h e  atmosphere is  thus dependent on 
composition in  severa l  d i s t i n c t  ways. 
F i r s t ,  water vapor i s  dominant over a wide wavelength i n t e r v a l ,  
although i n  much of t h i s  region it is not op t i ca l ly  thick.  Hence 
atmospheric cooling t o  space is  c r i t i c a l l y  dependent on H20 
abundance and even t h e  vapor i n  the  s t ra tosphere  i s  significant. 
(The l a t i t u d i n a l  var ia t ion  of H 0 i s  t h e  main cause of t h e  d i f -  2 
f e r ~ n c e  i n  temperature p r o f i l e s  between polar  and t r o p i c a l  zones.) 
Second, CO fi l ls a la rge  p a r t  of t h e  H 0 window, and current 2 2 
CO abundances a r e  enough t o  make the 15 fl  region o p t i c a l l y  2 
thick.  Major CO abundance changes w i l l  a l t e r  t h e  greenhouse 2 
heating mainly by C02 absorption i n  t h e  10 (rm bands. 
F ina l ly ,  minor cons t i tuents  tha t  absorb s t rongly i n  the  
8 - 1 2  p region can be c r i t i c a l l y  important. Nitrous oxide ( N  0) 2 
and a wide ar ray  of hydrocarbons a re  po ten t i a l ly  important, and 
the gray model can o e  used t o  estimate t h e i r  e f fec t s .  
The abundance of water vapor typ ica l ly  va r i e s  from 0.2 t o  
2 gm/cm2 (o r  cm of p r ~ c i p i t a b l e  water ) .  We adopt a global  average 
2 
of 1 gm/cm . With s u f f i c l € n t  accuracy H 0 may be regarded a s  2 
completely opaque except i n  t h e  near i n f r a r e d  and v i s u a l  
(pi a 0.03): from 8.5 t o  12.5 where r a 0.10 and p = 0.29: and 
12.5 - 15 pm where r < 1 and p = 0.14. However, i n  t h e  l a t t e r  
region H 0 does not c o n t r i b u t e  t o  atmospheric hea t ing  s i n c e  it is 2 
dominated by C 0 2 ,  and t h e  H 0 t h e r e f o r e  can be t r e a t e d  a s  t r ans -  2 
parent  from 12.5 t o  18 pn with p = 0.26 (Kondratyev, 1969, p 119) .  
Thus Eq. (4 )  g ives  t h e  absorpt ion funct ion due t o  water  a lone  a s  
A s  CO increases ,  t h e  mean opac i ty  wi th in  a f ixed  wavelength 2 
i n t e r v a l  a l s o  increases ,  but a l s o  t h e  band e f f e c t i v e l y  widens a s  
weaker absorp t ions  become s t ronger .  Here we w i l l  not  consider  t h e  
broadening of  t h e  15 p band because a more important ( o p t i c a l l y  
t h i n )  e f f e c t  is  t h e  emission by t h e  10 pm bands. Thus t h e  t r e a t -  
ment of 15  p i t s e l f  is  not q u i t e  c o r r e c t ,  but  t h e  t reatment  of 
15 + 10 toge ther  should g ive  a good represen ta t ion  of C 0 2 .  
For CO a volume mixing r a t i o  of f = 333 ppm corresponds t o  2 
an equivalent  th ickness  a t  STP condi t ions  of 
5 (C02) = 266 atm-cm 
An empir ical  formula f o r  t h e  mean t ransmiss ion i n  t h e  
near ly  s a tu ra t ed  15 p band i s  (Kondratyev, 1969, p 126) 
where t h e  absorpt ion d a t a  near  5 = 300 atm-cm y i e l d  p* = 1.2, 
a = 0.361, and b = 0.23. Then t h e  t o t a l  absorpt ion due t o  C02 
a t  15 p (or more p r e c i s e l y  between 12.5 and 18.2 p) i s  
Fox t h e  weak CO band absorpt ion w e  use  t h e  t reatment  i n  2 
Sect ion 4, below, f o r  minor c o n s t i t u e n t s .  The p r o p e r t i e s  of t h e  
two intercombination bands a t  10 pn a r e  l i s t e d  i n  Table  1, and 
from Eq. (24) w e  have ~ ( 1 0 ~ )  = 0.025. 
For 5 = 0.3 atm-crn of  ozone i n  t h e  s t r a t o s p h e r e  w e  f i nd  
(Kondratyev, 1969, p 137) over t h e  band (9.4 t o  9.9 p) a mean 
t ransmiss ion of  
(Q (9-6p)) = exp (-2.8;) (10) 
The computation of t h e  var ious  A ' s  i s  i l l u s t r a t e d  i n  Fig. 1. 
I f  t h e  var ious  substances do not over lap  se r ious ly  i n  t h e i r  
s p e c t r a l  regions  of absorpt ion,  t h e  A ' s  can be added. Thus from 
and ( 2 4 )  
Eqs. ( 4 ) ,  ( 6 ) .  (9), -em& (11$ we have (wi th  R = 1.66) 
-8rg 
= e = 1 - [ A ( H ~ o )  + A ( C O ~ ,  158) + A ( ~ 0 ~ .  I O U )  + A (0,) 1 = 0 e 2 9  Qnet 
giving 
0 With an albedo A = 29%, Eq. (1) gives  Te = 257 K. Then 
~ q s .  ( 2 )  and (13) y i e l d  
0 
which is c l o s e  t o  t h e  world average (- 290 K ) .  It is probably 
f o r t u i t o u s  t h a t  t h e  agreement i s  so  good, al though t h e  agreement 
does suggest  t h a t  t h e  gray model may provide some i n s i g h t  i n t o  
c l ima te  changes due t o  changes i n  7 . 
g 
3. Var ia t ion  of Ground Temperature wi th  CO Abundance 2 
D i f f e r e n t i a t i n g  Eq. (12) g ives  wi th  Eqs. (9)  and ( 2 4 ) ,  below, 
-87 = (C02 Be b 1 d: d7 = p ( 1 ~ ~ )  exp (-8*agb) @*abg (- 5 - 
I n  terms of  t h e  mixing r a t i o  o r  volume concentra t ion 
- 
15u)B * * b =b 1.08~10- '  S N 5 ar = P( ab  exp ( -P  ac ) , 
= [C021d[C02] + v 0 df 
Be -Br Be -87 
Simi la r ly  from Eq. ( 2 )  w e  ob ta in  
and t h e r e f o r e  
. i f  t h e  C02 f r a c t i o n a l  c o n c e n t r a t i o n  were changed by a s m a l l  amount. 
If t h e  C02  c o n t e n t  were doubled,  t h e  g ray  model would g i v e  
0 
Ts = 290.0 o r  ATs = 2.8 K. T h i s  v a l u e  compares n i c e l y  t o  v a l u e s  
ob ta ined  from more e l a b o r a t e  models. I n  reviewing a number o f  
r e c e n t  s t u d i e s ,  Schneider  (1975) concluded t h a t  a doubling of 
C 0 2  10uld produce a ATs o f  1 .5  t o  3 OK. A s  C02 i s  i n c r e a s e d  
f u r t n e r ,  t h e  t empera tu re  w i l l  c o n t i n u e  t o  rise; a l though  t h e  
15 pn bands are a l r e a d y  n e a r l y  s a t u r a t e d ,  t h e  10 ,gm bands a r e  
e f f e c t i v e l y  c l o s i n g  t h e  8 - 12 pm window, as i l l u s t r a t e d  i n  Fig .  2. 
4. R a d i a t i v e  E f f e c t s  o f  Minor C o n s t i t u e n t s  
The a d d i t i o n  t o  the  atmosphere of  a minor c o n s t i t u e n t  t h a t  
absorbs  i n  t h e  8 t o  1 2  pm window could  b e  impor tant .  I n  t h i s  r eg ion  
4 
T T B ~ / O T ~  .060 - .070/p and hence Eq. (5)  is 
where is t h e  width  o f  t h e  a b s o r p t i o n  i n  microns. We w i l l  
P 
e s t i m a t e  t h e  minimum amount o f  a t r a c e  gas t h a t  could  produce a 
0 1 K change i n  g l o b a l  tempera ture .  
For an o p t i c a l l y  t h i n  amount o f  a b s o r b e r ,  w e  have simply 
Species 
Table 1 
ABSORBERS IN 8 - 12 WINDOW* 




Band, X(m) S (cm) 
* For uniform mixing t h e  i n t e g r a t e d  abundance is  & 
= fNatrn  
= f x 2 .15  x lo2' S i n c e  t h e  STP t h i c k n e s s  is  : = &/N* 
19 
= f &  / 2 . 6 8 7 x  10 , w e h a v e  
atm 
f (ppm) 1 . 2 5  5 (atm-cm) . 
where <T> is t h e  mean v e l u e  i n  t h e  band, o r  
which g i v e s  
A = B ( . 0 6 5 ) &  
2 
where q)? i s  t h e  i n t e g r a t e d  column d e n s i t y  (molecule/cm ) and S X 
t h e  i n t e g r a t e d  a b s o r p t i o n  c o e f f i c i e n t  o r  s t r e n g t h  ( i n  u n i t s  o f  
2  
cm micron) .  The more common u n i t s  f o r  s t r e n g t h s  a r e  c m  ( c r o s s  
2  
s e c t i o n  i n  cm ; spectrum i n  cm-') : 
Hence a t  10  p, 
-1.7 
The maximum band s t r e n g t h s  a r e  not  l i k e l y  t o  exceed 5 x 10 cm . 
From Eq. (12) w e  have,  f o r  A = 1 - Q n e t  # 
and w i t h  Eq. ( 1 7 )  t h e  Ts - A r e l a t i o n  becomes 
0 Thus f o r  1 K changes i n  T , w e  a r e  sea rch ing  f o r  increments  i n  A 
s 
t h e  o r d e r  of  1 x l o m 2 ,  o r  from Eq, ( 2 4 ) ,  
The i n t e g r a t e d  column d e n s i t y  o f  t h e  atmosphere is 2.15 x lo2' cm-2 
s o  w e  a r e  concerned w i t h  mixing r a t i o s  o f  minor c o n s t i t u e n t s  
g r e a t e r  than  
o r  a few p a r t s  p e r  b i l l i o n  (ppb) f o r  subs tances  t h a t  have a s i n g l e  
s t r o n g  absorbing band i n  t h e  8 t o  1 2  p window. 
The halogenated methanes ( ~ r e o n s )  have been c i t e d  as a 
s t r i k i n g  example o f  t h e  e f f e c t  we a r e  examining h e r e  (Ramanathan, 
1975) .  The two Freons F-11 and F-12 t o g e t h e r  have f i .ve  bands 
w i t h  s t r e n g t h s  S - 3 x 10 -17 c m .  The 1975 abundance was 0.1 ppb; 
V 
2 
an i n c r e a s e  o f 1 0  t i m e s  would p l a c e  t h e s e  subs tances  i n  t h e  c l i m a t e  
c r i t i c a l  ca tegory .  
~ o s t  subs tances  w i l l  no t  have  bands i n  t h e  window w i t h  
s t r e n g t h s  c l o s e  t o  t h e  maximum, From Eq.  (27)  t h e  p e r t i n e n t  
q u a n t i t y  f o r  bands i n  t h e  window is 
-13- 
0 i f  an absorber i s  t o  produce a 1 C change on fu ture  cl imate 
(see  Table 1). Both N 2 0  and CH sit i n  regions where t h e r e  i s  4 
already strong absorption and they have t o  be analyzed (as w e  
did C02) allowing fo r  t h e  present near-saturat  ion. 
A l l  of  t h e  substances i n  t h e  Table except t h e  hydrocarbons 
have been examined with a more e labora te  r a d i a t i v e  model (Wang, e t  a l . ,  
1976) and found t o  be marginally important, i f  t h e i r  abundances 
increase.  For N 2 0 ,  CH4, and NH3, fac tors  of two a r e  important. 
More a t t e n t i o n  needs t o  be d i rec ted  toward t h e  global  
abundance and long term growth r a t e  of hydrocarbons, which a r e  
among t h e  primary urban pol lu tants ,  and whose emission i s  la rge ly  
unccntrolled. The abundance i n  Table 1 appl ies  t o  t h e  t o t a l  
hydrocarbon population; t h e  s t rength  l i s t e d  i s  t h e  maximum 
allowable and probably i s  much smaller. ~ l d e h y d e s  (a hydrocarbon 
family) a r e  p a r t l y  destroyed near t h e i r  urban source, xhere they 
p a r t i c i p a t e  i n  the  production of oxidants. Away from high 
concentrations of NOxt t h e  aldehydes disappear by photodissociation 
and attachment t o  aerosols.  
5. Destruction of Trace I .R .  Absorbers 
Many of t h e  hydrocarbons a r e  not only being emitted a t  
increasing r a t e s ,  but t h e i r  na tura l  s inks a r e  becoming sa tura ted .  
The pr inc ipa l  sink fo r  meth:.ne i s  hydroxyl: 
Ineeed. OH p l a y s  a c r u c i a l  r o l e  i n  scavenging a number o f  t h e  less 
s o l u b l e  trace gases ,  such  as CO. HZS. SO and t h e  p a r t i a l l y  2 ' 
halogenated  methanes, CH c1 F and CH 3r . A d e p l e t i o n  o f  OH 
x y z  Y- Y 
may t h u s  a g g r a v a t e  a b u i l d  up o f  i n f r e r e d  absorb ing  p o l l u t a n t s  and 
t h e i r  impact on t h e  climate. A t  p r e s e n t  t h e r e  is a danger o f  
such a d e p l e t i o n  o c c u r r i n g  because  o f  t h e  i n c r e a s i n g  p roduc t ion  o f  
CO, which is removed mainly by 
The p r e s e n t  CO product ion  from f o s s i l  f u e l  burning is 0.4 x 10' ton/yr ,  
whereas t h e  n a t u r a l  p roduc t ion  is 1 t o  3 x 10' ton/yr .  The 
problem is ampl i f i ed  by t h e  f a c t  t h a t  the  main n a t u r a l  s o u r c e  o f  
CO is t h e  o x i d a t i o n  o f  CH4. Following r e a c t i o n  (30), o x i d a t i o n  
proceeds by 
F i n a l l y ,  formaldehyde i s  d i s s o c i a t e d  i n t o  H + CO, o r  it may 2 
condense onto a e r o s o l s  and u l t i m a t e l y  r a i n  o u t .  
The p r i n c i p a l  source  o f  t r o p o s p h e r i c  OH i s  p h o t o d i s s o c i a t i o n  
o f  t ropospher ic  ozone: 
fo l lowed  by 
1 
Thus p r e s e n t  l e v e l s  o f  man-made CO emis s ion  are l a r g e  enough 
50 p e r t u r b  t h e  CO-OH-CH4 c y c l e .  R e a c t i o n s  that  r e c y c l e  OH, s u c h  
as H 0 2  + NO + OH + NO2, m y  a c c o u n t  f o r  some 30 p e r c e n t  o f  the  
p r e s e n t  OH. 
6. Feedbacks:  Comments on Water and t h e  S t r a t o s p h e r e  
E a r t h  i s  t h e  water p l a n e t  and  .later a f f e c t s  climate d i f f e r e n t l y  
i n  i t s  d i f f e r e n t  m a n i f e s t a t i o n s :  vapor ,  c l o u d s ,  sea, sea-ice, 
l a n d - i c e  a n d  snow, and  f o l i a g e .  Common t o  a l l  models is t h e  
acknowledgement o f  t h e  e f f e c t  a n d  i n a b i l i t y  t o  do a n y t h i n g  u s e f u l  
a b o u t  it. It is n o t  u n l i k e l y  t h a t  t h e  r e s p o n s e  o f  water t o  a 
change  i n  CO is t h e  dominant  f a c t o r  i n  c l i m a t e  change.  
2 
~ l s o  p h y s i c a l  p r o c e s s e s  i n  t h e  s t r a t o s p h e r e  c a n  f e e d  back 
on s u r f a c e  t e m p e r a t u r e s .  The w a t e r  abundance i n  t h e  s t r a t o s p h e r e  
i s  o n l y  s e v e r a l  p a r t s  p e r  m i l l i o n  and is p robab ly  f i x e d  by  t h e  
vapor  p r e s s u r e  a t  t h e  t r o p i c a l  t r o p o p a u s e  [ a l t h o u g h  H 0 c a n  b e  2 
made i n  t h e  s t r a t o s p h e r e  by r e a c t i o n  (30)l. A change  i n  t h e  c o n t e n t  
o f  water due t o  a change  i n  s t r a t o s p h e r i c  t emperacu re  w i l l  a f f e c t  
t h e  e a r t h ' s  g reenhouse  (Chamberlain ,  1 9 7 7 ) .  An a l t e r a t i o n  o f  t h e  
ozone  abundancs w i l l  change  t h e  a b s o r p t i o n  a t  9.6 p, which i s  
t h e  main a b s o r b e r  i n  t h e  8 - 1 2  p window. Thus a n  i n c r e a s e  i n  
t r o p s ~ h e r i c  CH c o u l d  a f f e c t  s t r a t o s p h e r i c  HOx chemistry, t h e  
4 
ozone  abundance,  and t h e n c e  t h e  climate. 
7. Changes i n  t h e  S c l a r  F l w  or  Albedo 
D i f f e r e n t i a t i n g  Eq. (1 )  and  r e l a t i n g  T to Te by Eq. ( 2 )  f o r  
S 
a c o n s t a n t  o p a c i t y ,  we have  
Consequent ly  a f r a c t i o n a l  change of 6 p e r c e n t  i n  t h e  solar c o n s t a n r  
or i n  1 - ,I w i l l  p roduce  2. change  i n  mean s u r f a c e  t e m p e r a t u r e  o f  
I n  p r a c t i c e  t h e r e  will be an  accompc.nyinq change  i n  H 0 vapor  and 2 
sea ice, a f f e c t i n ?  t h e  o p a c i t y  and  f e e d i n g  back on the a l b e d o .  
A n a l y s i s  o f  t h e s e  e f f e c t s  i s  b e s t  handled  w i t h  a l a t i t u d e  dependent  
(Budyko-Sel le rs )  model. Accord ing ly ,  f u r t h e r  d i s c u s s i o n  i s  
d e f e r r e d  t o  a later  pape r .  
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FIGURE C9PTIONS 
Fig. 1 Thermal emission of the Earth's surface a t  T = 290 OK 
(a f t er  Kondratyev, 1969, 2. 119),  with r e l a t i v e  values o f  the 
absorption, 1 - exp(-fir), indicated by shaded areas. The f igure 
i l l u s t r a t e s  why trace amounts of absorbers in  the 8 . 5  - 12.5 p n  
region can be c r i t i c a l l y  important. 
Fig. 2 Temperature versus C02 abundance for global radiat ive 
equilibrium with the quasi-gray model. 
WAVELENGTH ( p m )  
f (CO,) ports per million 
